Super tough polyamide 6 was prepared by using SEBS and effect of SEBS-g-MA as a compatibilizer of PA6/SEBS matrix on mechanical properties was investigated. Thus super tough polyamide 6/graphene nanocomposites were produced using graphene nanosheets (GNs) through the melt compounding method. To compare the effectiveness of graphene, effects of graphite and carbon black (the other carbon structures) are also studied on the same matrix. The effects of graphene on crystallinity, improvements of morphology, and thermal and electrical properties of the nanocomposites were researched and compared with similar samples of graphite and carbon black. Due to the reaction between the maleic anhydride groups of SEBS and amine groups of nylon chains during the melt mixing process, super tough polyamide 6 was produced with high impact and tensile strength. The most important results of this study can be noted as an increase in the electrical conductivity and thermal stability by adding graphene to PA6/SEBS blend. Also the effect of graphene compatibility on PA6/SEBS/SEBS-g-MA blend was investigated with studying morphology.
Introduction
Due to the unique properties of graphene, a monolayer nanostructure of carbon atoms arranged in a honeycomb network, it has attracted a lot of attention nowadays. Graphene with unique properties of its nanostructure provides a large surface area as well as remarkable mechanical, electrical, and thermal properties and an effective optical property together with ultrahigh electron mobility [1, 2] . These incomparable properties make graphene appropriate for many applications, such as conducting electrically and thermally reinforced polymer composite, sensors, electronic circuits, flexible and transparent electrodes in screens, and solar cells [3] . Polymer/graphene nanocomposite is regarded as one of the major applications of graphene nanosheets (GNs). GNs have emerged as a glorious reinforcing nanocharge in polymer composites because of their unique thermal, electrical, and mechanical properties such as extremely high thermal conductivity (5,000 W/m K at 27 ∘ C), low resistivity (1026 Xcm), and very high mechanical strength and modulus (50 GPa) [4, 5] .
Ding et al. Showed [6] improved thermal conductivity from 0.196 W⋅m −1 ⋅K −1 in neat polyamide to 0.416 W⋅m
in the thermal conductive polyamide 6/graphene composites (PG), which are produced by in situ polymerization of ecaprolactam and only 10 percent of Reduced Graphene Oxide (RGO) was used as filler. Zhang et al. prepared [1] PA6/GN composite by melt compounding and showed the good dispersion of graphene sheets in the polyamide matrix by using SEM. But no studies on the effect of graphene on super tough polyamide 6 with SEBS have been done so far. PA6 as an interesting engineering polymer has extraordinary mechanical, thermal, and abrasion resistance properties; however, its low impact strength has declined the dimensional stability and application of PA6 [4, 7] . Rubber toughening is considered as an economical and effective method 2 Journal of Chemistry Table 1: Formulation of the polyamide blends.   Sample  PA6 %  SEBS %  SEBS-g-MA %  PA6  100  0  0  M0  80  20  0  M2  78  20  2  M4  76  20  4  M6  74  20  6  M10  70  20  10 to toughen and extend applications of nylon without any significant increase in its price or decrease in its engineering properties [8] [9] [10] .
In this study, a triblock elastomer, styrene ethylene/butylene-styrene (SEBS), and SEBS grafted with maleic anhydride (SEBS-g-MA) as an appropriate compatibilizer for PA6/SEBS blend were used. Consequently super tough polyamide 6 (PA6/SEBS/SEBS-g-MA) will be produced with high impact resistance. As noted above with regard to the advantages of using GNs, the development of a composite material based on GNs is of request. In this study, super tough PA6/graphene nanocomposites were prepared by melt mixing and crystallinity, electrical properties, and thermal stability were investigated.
Experimental

Materials.
Raw materials used in this project include commercial polyamide 6 Akulon F-232 manufactured by DSM, SEBS triblock elastomer KRATON G165 (containing 13 wt.% styrene), and SEBS-g-MA compatibilizer KRATON FG1901X (containing 30% styrene and 1.8 percent maleic anhydride) supplied by Shell. Nanographene C60 made by Iran Nano-polymer Company, graphite 160-80N manufactured by GrafTech, and carbon black N330 from Iranian Pars Sazeh Company were used in order to prepare nanocomposites.
Preparation of Super Tough
Polyamide. At first, polyamide 6 dried in an oven at 80 ∘ C for 24 h before use. The blends were prepared by thoroughly mixing PA6, SEBS, and MA-g-SEBS according to formulations in Table 1 , followed by melt mixing in a twin screw extruder (BRABENDER) operating at 60 rpm and with extruder temperature profile of 210, 220, 230, 235, 230, and 235 ∘ C. The blends were quenched subsequently in water, pelletized into chips, and dried in a vacuum for 24 h at 80 ∘ C. The specimens for tests were produced using an ASLANIAN EM80 injection molding machine. In all the blends, weight percentages of SEBS were fixed in 20% by considering the practical issues and experiences of other researchers [11] .
Polyamide/Graphene Nanocomposites. PA6/SEBS/SEBS-g-MA/graphene nanocomposites, based on formulation mentioned in Table 2 , were prepared through melt mixing in the internal mixer at a setting temperature of 240 ∘ C, with a screw speed of 60 rpm, and then turned into sheets with standard thicknesses using a hot press (temperature 250 ∘ C, pressure 50 kg/cm 2 for 10 min). (Notably, 240
∘ C was chosen in mixing step with respect to the same torque value of PA6 and SEBS at this temperature.)
Characterization.
In order to study the microstructure morphology, scanning electron microscopy (Vega II XMU, Tescan, Czech Republic) was used. Notched Izod impact strength of the samples was measured following the procedures described in ISO180 at −40 ∘ C, using a 2.75 kg impact tester from Resil Impactor machine (Ceast Co., Italy). Tensile tests were carried out on an Instron 6025 (UK) machine at room temperature according to the ISO 527 test method at the speed of 50 mm/min. A minimum of five samples was tested in each series for determination of impact and tensile properties.
The thermal behavior of the samples was examined using differential scanning calorimeter (DSC) manufactured by Mettler Toledo, Switzerland. All samples were heated at temperature of 100 ∘ C up to 300 ∘ C with the speed of 10 ∘ C/min and under a nitrogen atmosphere. In order to investigate the thermal stability, the TGA machine model PL-1500 made by a British thermal science division was used. Heating rate of 10 ∘ C/min was performed from room temperature to 600
∘ C under N 2 atmosphere. The determination of the surface electrical resistance was performed by resistance thermometers of the Rizpardazan Company of Iran, 4PP-R2K model, according to ASTM D257 standard. Moreover, X-ray diffraction (XRD) analysis was carried out over the 15 ∘ -30 ∘ angles, by X-ray diffraction Philips X'pert with the speed of 1/2 degrees/min. Table 3 presents the results of mechanical properties of the samples that were studied by means of both tensile and impact tests. By increasing the MA (maleic anhydride) content up to 6%, modulus and tensile strength were decreased and impact strength and elongation at break were increased significantly. This is due to the reaction between the maleic anhydride groups of SEBS and amine groups of nylon chains during the melt mixing process, thereby making a link between SEBS and nylon [12] . This leads to transferring the mechanical tension between the two phases and increasing impact strength. Improvement of the interface between the two phases is responsible for prevention of adhesive failure; therefore failure occurs cohesively at higher strain. The best mechanical properties are obtained for the M6 sample which contains 6wt.% SEBS-g-MA as a compatibilizer, and consequently super tough polyamide 6 was produced by using SEBS and SEBS-g-MA. However, this process has changed by adding more than 6 percent of the compatibilizer. It seems that adding more than this amount, to the constant concentration of SEBS, leads to formation of micelles by agglomeration of the compatibilizer molecules in other places besides the interface of matrix and dispersed phase, which consequently can decrease some of the properties. SEM images of a PA6/SEBS/SEBS-g-MA mixture with/ without the presence of graphene can be seen in Figure 1 . Black holes in the pictures are related to the rubber phase and are extracted by boiling xylene. In the M6 sample, size of the dispersed phase is about 1 micrometer. However, the addition of graphene has changed the dispersed phase size to smaller dimensions in the nanometer range. It seems that the reduction of the dispersed phase size is due to increased viscosity of the PA6 matrix, due to the fact that, with an increase in the viscosity of matrix, dispersed phase viscosity ratio to the matrix decreases. Therefore, the viscous forces have become stronger and SEBS particles have undergone further deformation and their failure occurs more easily. Thus, the diameter of the dispersed phase droplets that were prepared by melt mixing will be smaller. Increasing the viscosity of the matrix can be used alone as a factor to reduce the particle size. But in addition to these factors, graphene sheets can act as a physical barrier and prevent coalescence of the dispersed phase droplets. As a result, they lead to a change in the morphology of the polymer alloy, which leads to a further reduction in the size of the dispersed phase [13] . So, it can be argued that graphene in PA6/SEBS blend acts as a compatibilizer. This behavior for nanoclay in different mixture has also been observed in the work of previous researchers [13, 14] . The peaks of 1 and 2 crystalline form of PA6 with high intensity and the peak of the -type crystals with lower intensity for all samples are seen in Figure 2 which shows the XRD patterns of different samples. However the area under the peak which represents the crystallization degree is different. Table 4 shows the crystallinity of each sample using the area under XRD curve peak. By adding 1% graphene to PA6/SEBS/SEBS-g-MA matrix (N1), crystallinity decreased from 31.5% to 26.9%. This reduction continued with increasing graphene content up to 3% (N3). This process has been observed in the works of other researchers on pure polyamide [1, 6] . Graphene sheets with high aspect ratio (surface area to thickness) easily penetrate through polyamide chains and cause interruption in crystallization process. In addition, according to the SEM images it can be concluded that the graphene sheets interact with matrix and can act as physical barriers [13] and could interrupt the formation of crystals. On the other hand, graphite acted differently. Low amount of graphite (G1) reduced the crystallinity more than the larger quantities. It is because of agglomeration of graphite sheets in higher amount (G3) due to their high surface energy which led to retention of sheets and a slight decrease in crystallinity. In lower quantities, graphite sheets had better possibility of dispersion in the matrix and acted as a physical barrier and finally reduced the crystallinity. G1 sample has lower crystallinity (28.7%) than G3 (30.9%) and M6 (31.5%) while the G3 sample has almost identical crystallinity to the sample without graphite (M6). Generally, graphite sheets have no significant effect in crystallinity process because their sheets are big and thick. Also, the crystallinity of CB1 (31.6%) and CB3 (31.9%) samples does not differ with M6 sample. This is because of the large and tightly packed clusters of carbon black that had no effect on the crystallization of polyamide.
Results and Discussion
The curves resulting from DSC test for M6 and N3 samples are presented in Figure 3 . Both samples have a large peak at 221 ∘ C, showing the melting temperature of the compounds. In Table 5 , the melting temperature ( ), the enthalpy of fusion (Δ ), and the percentage of crystallinity ( ) of the samples are shown. Crystallinity percentages were calculated using
where (Δ ∘ ) is the heat of fusion of 100% crystalline (PA6:
is the weight percent of PA6 in the mixture, Δ is the heat of fusion, and is the crystallinity percent of the sample [15, 16] . In comparison between M6 and N3 samples, a reduction in crystallinity of the N3 sample is observable. As noted above, it seems that small thickness of graphene has led to easy penetration in the polyamide chains. Graphene acts as a physical barrier due to its large surface area and causes interference in the crystallization process of polyamide [13] . Decrease in crystallinity of N3 sample which contains 3 wt.% graphene corresponds to the results of XRD analysis.
Journal of Chemistry To investigate the electrical properties of the samples, the surface electrical resistivity factor was measured and the results can be seen in Figure 4 . The electrical resistance of N3 sample is lower than other samples. This manifests the higher electrical conductivity of N3. According to the results of XRD and DSC, crystallinity of this sample has decreased. By reduction in crystallinity, dispersion of graphene sheets can be done better in the matrix [17] . Better dispersion of nanoparticles in the matrix with the morphology and intrinsic properties of graphene has increased the electrical conductivity. Thus, the N3, N1, and G1 samples which, respectively, have lower crystallinity than the rest of the samples contain less electrical resistance and consequently a higher electrical conductivity. Moreover placing graphene sheets together improves electron conduction paths and this is similar to the results of previous research on the use of graphene oxide [18] .
To determine the samples thermal stability, TGA tests were performed. As it can be seen in Figure 5 , the destruction of the N1 and N3 samples lasts longer and occurs at higher temperatures. These results demonstrated that the thermal stability of the sample by adding graphene has increased, compared to the neat and other samples. This is due to the presence of graphene particles with large surface area that act as barrier and a thermal insulation [1] . The TGA results are similar to previous researches [1, 6, 19 ] However, we observed higher degradation temperature and thermal stability in samples with graphite and carbon black compared to M6 sample due to the intensifying effect of these fillers, but the difference is negligible.
Conclusions
In this study, super tough polyamide 6 was produced by using SEBS and SEBS-g-MA, and its mechanical properties were investigated. Results of impact and tensile tests showed that the addition of 6% of SEBS-g-MA as a compatibilizer in PA6/SEBS (74/20) blend could provide appropriate mechanical properties. Therefore the effect of graphene on PA6/SEBS/SEBS-g-MA with 6% of compatibilizer was studied. By investigating the morphology of blends, it can be argued that the graphene can act as a compatibilizer for PA6/SEBS/SEBS-g-MA blend. DSC and XRD analysis results showed that the presence of nanometer graphene sheets interferes with the crystallization process and crystallinity decreases by about 25%. Also, with the addition of only 3 percent of graphene, we observed a sharp decrease in the surface electrical resistance and a sharp increase in thermal stability for samples with graphene. It is in the way that graphite and carbon black had no significant effect on these properties.
